Plants can reorient their organs in response to changes in environmental conditions. In some species, ethylene can induce resource-directed growth by stimulating a more vertical orientation of the petioles (hyponasty) and enhanced elongation. In this study on Arabidopsis (Arabidopsis thaliana), we show significant natural variation in ethylene-induced petiole elongation and hyponastic growth. This hyponastic growth was rapidly induced and also reversible because the petioles returned to normal after ethylene withdrawal. To unravel the mechanisms behind the natural variation, two contrasting accessions in ethylene-induced hyponasty were studied in detail. Columbia-0 showed a strong hyponastic response to ethylene, whereas this response was almost absent in Landsberg erecta (Ler). To test whether Ler is capable of showing hyponastic growth at all, several signals were applied. From all the signals applied, only spectrally neutral shade (20 mmol m 22 s 21 ) could induce a strong hyponastic response in Ler. Therefore, Ler has the capacity for hyponastic growth. Furthermore, the lack of ethyleneinduced hyponastic growth in Ler is not the result of already-saturating ethylene production rates or insensitivity to ethylene, as an ethylene-responsive gene was up-regulated upon ethylene treatment in the petioles. Therefore, we conclude that Ler is missing an essential component between the primary ethylene signal transduction chain and a downstream part of the hyponastic growth signal transduction pathway.
Since plants are normally confined to one location, they must respond rapidly and appropriately to changes in local conditions if they are to survive in a variable and challenging habitat. Among other traits, this involves the reorientation of growth to optimize the location of plant organs toward resources (Ball, 1969; Kang, 1979) . A clear example of reorientation of growth is the phototropic response in which differential growth directs organs to the light source (Firn and Digby, 1980; Ballaré et al., 1992; Hangarter, 1997; Ahmad et al., 1998; Friml et al., 2002) . Also, readjustment of the direction of leaves and growth rate of petioles and shoots is clearly demonstrated during shade and submergence avoidance (Voesenek and Blom, 1989; Clú a et al., 1996; Gautier et al., 1997; Ballaré, 1999; Cox et al., 2003; Pierik et al., 2003 Pierik et al., , 2004 . During these responses, growth is directed toward resources such as light and air, respectively. If plants are exposed to low light or submergence, the resource-directed growth is achieved via 2 distinguishable processes: (1) an upward movement of petioles (hyponasty); and (2) enhanced elongation of these petioles (Voesenek and Blom, 1989; Cox et al., 2003) . Shade-induced hyponasty and petiole elongation are driven mainly by a decrease in the R to FR ratio and a reduction in blue light (Smith and Whitelam, 1997; Ballaré, 1999; Pierik et al., 2004) . Recently, it was shown for tobacco (Nicotiana tabacum) plants that the gaseous phytohormone ethylene is also essential for well-timed shade avoidance responses (Pierik et al., 2003) . Interestingly, ethylene is the main trigger for submergence-induced hyponastic growth and petiole elongation in semiaquatic plants such as Rumex palustris (Voesenek and Blom, 1989) . Furthermore, an interaction between submergence-induced hyponasty and enhanced petiole elongation has been demonstrated for R. palustris . To achieve resource-directed growth, first a more vertical angle has to be reached before the enhanced petiole elongation will start, resulting in leaf growth toward the water surface in these submerged plants.
The stimulatory effect of ethylene on hyponastic growth and petiole elongation during shade (Pierik et al., 2003) and submergence (Voesenek and Blom, 1989; Cox et al., 2003; Voesenek et al., 2003) is in contrast with the generally accepted growth-inhibiting role of this plant hormone . However, there are several more examples of ethylene having a positive effect on elongation. For example, hypocotyl growth of Arabidopsis (Arabidopsis thaliana) seedlings in the light, grown on a low-nutrient medium, can be stimulated by ethylene . Additionally, an ethylene concentration slightly higher than ambient can stimulate leaf extension in some Poa species (Fiorani et al., 2002) .
In this study, we explore the extent to which the promoting effects of ethylene on rapid hyponastic growth and petiole elongation are also evident in the widely used model species, Arabidopsis. Since considerable quantitative differences exist between accessions of Arabidopsis (e.g. in phytochrome-mediated shade avoidance [Botto and Smith, 2002] and in seed dormancy behavior [Alonso-Blanco et al., 2003 ]), we included different accessions in our work. We selected nine accessions on the basis of the availability of potentially useful hormone mutants and recombinant inbred lines with the selected accession as background. We found that petiole elongation in Arabidopsis was not markedly stimulated by ethylene. However, a strong and rapid hyponastic response to ethylene was observed with considerable variation between the nine selected accessions. The accession Columbia-0 (Col-0) showed a strong and fast ethyleneinduced hyponastic growth response, whereas the accession Landsberg erecta (Ler) showed only a weak response. The lack of a hyponastic response to ethylene in Ler does not reflect a general lack in the ability to show hyponastic growth since, by applying several other signals, we found that Ler is capable of hyponastic growth when spectrally neutral shaded. Furthermore, based on the up-regulation of an ethylene marker gene, we observed that Ler was not insensitive to ethylene and the endogenous ethylene production was not already saturating the response. Therefore, we conclude that Ler is missing an essential component between the primary ethylene signal transduction chain and the downstream part of the hyponastic growth signal transduction pathway.
RESULTS

Large Natural Variation in Ethylene-Induced Petiole Hyponastic Growth and Elongation
Quantitative measurements on petiole length and angle were performed on time lapse photographs. A typical example of these photographs is shown in Figure 1 . The petiole angle (a) was measured between the horizontal and a line between an ink mark at the petiole-lamina junction and a fixed basal point. The length of the petiole was measured between the ink mark and the fixed basal point.
When the effect of ethylene on petiole and lamina elongation was examined in nine accessions of Arabidopsis, we observed significant natural variation (Figs. 2 and 3. After 24 h of treatment, ethylene promoted petiole length to a statistically significant extent only in Wassilewskija (Ws; P , 0.05; Fig. 3A) , although a tendency toward stimulation was also seen in Col-0 (P , 0.1). However, this effect was not sustained after 48 or 72 h of ethylene treatment (data not shown). Only one of the accessions (Rschew-1 [Rld-1]) showed a significant inhibitory effect of ethylene on petiole elongation, whereas in the other accessions petiole length was not significantly affected. No stimulatory effect of ethylene on leaf blade elongation was found in any of the accessions used in this study (Fig. 3B) . In some accessions (Kashmir [Kas], Col-0, and Rld-1), leaf blade elongation was inhibited, whereas in the others it was not significantly affected. There was no significant correlation between the effect of ethylene on elongation of the petiole and the leaf blade, indicating that ethylene can affect elongation of the petiole and of the leaf blade in an independent manner.
Next to affecting petiole elongation, ethylene also induced hyponastic growth (Figs. 2 and 4 ). This appears to be a reversible process, because switching off the ethylene after 6 h caused a decrease in angle after approximately 3 h, and after 10 h, the petiole angles had returned to control values (Fig. 5) . Furthermore, large natural variation existed in ethylene-induced hyponastic growth (Figs. 2 and 4) . Variation existed in the initial angle of the petiole at the start of the experiment, with particularly low initial angles in Col-0 and high angles in Cape Verde Island (Cvi). Additionally, this control petiole angle in a number of accessions changed considerably during 24-h experiments. In most accessions, ethylene induced a rapid (2 h) upward movement of the petioles. The variation between accessions is best visualized in Figure 4 , where we corrected for changes in petiole angle of air-grown plants during the time course to give the net effect of ethylene by revealing the actual differences in petiole angle between ethylenetreated and control plants. These plots show that there is considerable variation between accessions in the kinetics of the hyponastic response.
We divided the accessions into three groups based on their hyponastic response to ethylene. The first group (Bensheim-0 [Be-0], Col-0, Rld-1, and Ws-2; black symbols in Fig. 4) showed the strongest increase in petiole angle after 24 h in ethylene (more than 10 degrees compared to untreated plants). However, the way in which this ethylene-induced increase was reached differed considerably between these accessions. The maximum increase (compared to untreated plants) of Col-0 petioles was attained after only 6 h and declined slightly afterward. In contrast, in Be-0 and Rld-1, the maximum increase in angle, compared to untreated plants, was achieved no earlier than after approximately 15 h of treatment. Ws-2 was intermediate between these extremes. The second group (Kas, Ler, and Shakdara [Sha] ; white symbols in Fig. 4) showed a weak hyponastic response, giving only a 5-to 10-degree increase in angle compared to untreated plants. Ler and Sha reached their maximum angle after approximately 5 h of ethylene treatment, while the similar process in Kas took 15 h. Cvi and Niederzenz-0 (Nd-1) were placed in the third group (gray symbols in Fig. 4 ), since almost no ethylene effect was discernible, with ethylene inducing only a transient 5-degree response that peaked within 5 h.
The leaf blade also showed natural variation in ethylene-induced hyponastic growth (data not shown). Both the petiole and the leaf blade showed a basal bending point. The average differential hyponastic response of the petiole and that of the leaf blade of the various accessions were positively correlated (Pearson 0.911; P , 0.001), indicating that a strong hyponastic petiole growth was accompanied by a strong hyponastic growth of the leaf blade. On average, the response of the leaf blade was almost twice as large as that of the petiole for all accessions (data not shown). This indicates that, at the basal end of both the petiole and the leaf blade, differential growth occurred to the same extent, resulting in a change in leaf blade angle that was twice as large as the change in petiole angle.
To gain more insight into the regulation of ethyleneinduced hyponastic growth, a comparison was made between two accessions showing contrasting hyponastic responses to ethylene. These were Col-0, which had strong ethylene-induced hyponastic growth, and Ler, which showed almost no change in petiole angle upon ethylene treatment (Figs. 2 and 4) . Although Nd-1 and Cvi responded even less to ethylene than Ler, they were not used because these accessions showed strong circadian petiole movements in air (Fig. 2) .
By applying several other signals that can induce hyponasty, we tested whether the poor ethyleneresponsive accession (Ler) is missing the capacity for hyponastic growth or whether elevated ethylene is not the appropriate signal in this accession to induce hyponastic growth. We tested the two selected accessions for their reaction to manipulation of the initial petiole angle, submergence, high temperature (30°C), and spectrally neutral shading. Before applying external signals, we tested whether an internal signal derived from the petiole angle is preventing the ethylene-induced hyponastic growth in Ler. The existence of such a putative signal is supported by the fact that Ler has a start angle comparable to the final angle in Col after ethylene addition. Furthermore, among the accessions tested, a significant negative correlation was found between the average differential response of the ethylene-treated petiole and the initial petiole angle relative to the horizontal (Pearson 20.696; P , 0.05). This suggested that accessions with low initial petiole angles (e.g. Col-0) give a more vigorous hyponastic response than accessions with a high start angle (e.g. Ler), a dependency that was also shown for submergence-induced hyponastic growth in R. palustris . To examine the impact of the initial angle on the extent of hyponasty, the angle was increased or decreased by tilting whole plants of A and B) . Unexpectedly, these tilting treatments had almost no effect on the kinetics and magnitude of the hyponastic response induced by ethylene. In Col-0, we observed a slight delay in the onset of hyponastic growth if the petioles were tilted downward at the start.
For both accessions, increasing the initial angle at the start of the experiment resulted in a slight decrease of petiole angles of air-grown plants throughout the duration of the experiment, while lowering the angle induced almost no upward adjustment over 24 h. Upward and downward petiole growth in air was also unaffected by tilting the pots 90 degrees downward for several days (data not shown). These results show that hyponasty is not a readjustment by the leaves to a preferred angle relative to gravity (the so-called gravitropic set-point angle; Digby and Firn, 1995) . This experiment also indicates that gravity has little influence on leaf angle in Arabidopsis because changing the initial angle caused only a small response in petioles.
Submergence-and Ethylene-Induced Hyponastic Growth Are Comparable
Submergence is known to induce hyponastic growth in several species (Ridge, 1987; Voesenek and Blom, 1989; Grimoldi et al., 1999; Cox et al., 2003) . As expected, Col-0 plants showed a strong hyponastic response to submergence (Fig. 6D) , which was very similar to that induced by ethylene. In contrast to Col-0, petioles of Ler showed little evidence of hyponastic growth under water, although the 10-degree change ( Fig. 6C ) was still twice that obtained by ethylenetreated Ler plants (P , 0.01). The kinetics of submergence-induced hyponastic growth was delayed compared to that in ethylene, as indicated by the time taken for the petioles to reach 90% of their maximum angle (P , 0.05). Since submergence-induced hyponasty is driven by endogenous ethylene accumulation Blom, 1989, 1999) , the slightly delayed response in submerged plants may be explained by the time taken for physiologically active concentrations of ethylene to accumulate within petioles once they are submerged. Similar differences between submergenceand ethylene-induced hyponastic growth patterns were observed in R. palustris (Cox, 2004) . To further verify the importance of ethylene during submergence, both Col-0 and Ler were pretreated before submergence with the ethylene receptor antagonist 1-methylcyclopropene (1-MCP). Submergenceinduced hyponasty was prevented with 1-MCP in Col-0 and reduced in the less-responding accession Ler (Fig. 7A) . Moreover, the ethylene-insensitive receptor mutant etr1-1 in a Col-0 background showed no submergence-induced hyponasty (Fig. 7B ). These data demonstrate that ethylene is a key player in the submergence-induced hyponastic growth process in Arabidopsis Col. In Ler, signals other than ethylene are possibly involved in the submergence-induced hyponastic growth.
High Temperature Marginally Affects Hyponastic Growth
In Phaseolus vulgaris, both high light intensities and high temperature induce an upward movement of the leaves. This movement is achieved by the pulvinus and serves to optimize photosynthesis (Fu and Ehleringer, 1989; Yu and Berg, 1994) . To study the impact of elevated temperatures on hyponastic growth of Arabidopsis, we exposed the accessions Col-0 and Ler to a quick temperature shift from 20°C to 30°C.
Upon this treatment, Ler showed only a modest and transient increase in petiole angle of about 10 degrees (Fig. 6E) . A small but transient positive effect, followed by a decrease in angle, was observed in Col-0 (Fig. 6F) . Apparently, a shift to a higher temperature does not induce strong hyponastic growth in Arabidopsis.
Low Light Induces Strong Hyponastic Growth in Ler
Hyponastic growth is recognized as a shade avoidance trait in several species (Ballaré, 1999; Pierik et al., 2003 Pierik et al., , 2004 . Therefore, we examined whether spectrally neutral shading (approximately 10% of the normal light level) could induce hyponastic petiole growth in two accessions of Arabidopsis. In Col-0, shading induced a change in petiole angle that was very similar to that of ethylene-treated plants (Fig. 6H) . No additive effect of the two treatments was demonstrated apart from maintenance of a higher petiole angle in the last 5 h of the experiment in plants treated with both low light and ethylene (data not shown). Interestingly, petioles of Ler also showed a strong hyponastic response (20-25 degrees) upon spectrally neutral shading (Fig. 6G ). This is in contrast to the very weak effect of ethylene on the petiole angle in this accession under normal light conditions (Fig. 6H ), suggesting that, in Ler, low-lightinduced hyponasty is not ethylene mediated. This is in correspondence with low-red-/far-red-induced hyponasty in tobacco, which also does not involve ethylene, although low-light-or low blue-light-induced hyponasty in this species does require ethylene (Pierik et al., 2004) .
Ethylene Sensitivity
Since Ler showed a strong low-light-induced hyponastic growth, we concluded that Ler possesses all the downstream signal transduction components necessary for carrying out hyponastic growth. This raises the question of why Ler does not show the pronounced hyponastic response to ethylene as found for Col-0. The start angle of Ler is very similar to the final angle of ethylene-treated Col-0 plants. This could suggest that Ler has a higher ethylene production and/or is more sensitive to ambient ethylene concentrations, both resulting in a high default leaf angle and reduced hyponastic growth upon ethylene treatment. In contrast to this hypothesis, Ler showed a lower, rather than a higher, ethylene biosynthesis and a lower capacity of 1-aminocyclopropane-1-carboxylic acid (ACC) oxidase, the last step of the ethylene biosynthesis, compared to Col-0 (Table I) . Furthermore, enhanced sensitivity for ambient ethylene levels in Ler would predict a decrease of the leaf angle in air in this genotype upon blocking of ethylene perception with 1-MCP. There was, however, hardly a change in 1-MCP pretreated petiole angles of Ler after 24 h, while in Col-0 there was a marginal decrease of the petioles (about 10 degrees) after the 1-MCP pretreatment (Table I) . These data strongly suggest that Ler is not producing ethylene concentrations to a level that already saturates hyponastic growth, nor more sensitive to ambient levels of ethylene than Col-0. To further test whether the ethylene signal transduction is operating to a lesser extent in Ler compared to Col-0, we measured the expression of an ethylene-responsive gene (ERS2) after 3 h of ethylene addition (Vriezen et al., 1997; Hua et al., 1998 Natural variation was found in ethylene-induced petiole and leaf blade elongation, although the variation was less than that found for hyponastic growth (Figs.  2-4) . In 2 accessions, we found a significant effect of ethylene treatment on petiole elongation after 24 h. In one of these (Rld-1), elongation was inhibited, whereas in another accession (Ws-2), stimulation was observed. Because ethylene is mostly associated with growth retardation in nonaquatic plants, such as Arabidopsis , it is surprising that only one of our nine accessions showed a significant retardation of petiole extension. In most accessions, elongation of the leaf blade showed a tendency toward inhibition by ethylene; no stimulatory effect of ethylene was found in any accession. Since there was no significant correlation between the effect of ethylene on petiole and leaf blade elongation, we conclude that the hormone acts independently on the petiole and the leaf blade. This indicates that organs such as petioles and leaf blades can exhibit different responses to ethylene. Furthermore, we tested whether other ethylene-induced processes were also impaired in accessions lacking ethylene-induced hyponastic growth. In this respect, a correlation was calculated between the data published in Peeters et al. (2002) describing ethyleneinduced inhibition of hypocotyl growth in various accessions and the hyponastic growth measured in this study. There was no significant correlation between these two datasets. Also, the effect of ethylene on petiole and leaf blade growth (Fig. 3) showed no correlation and these characteristics also did not correlate with the effect of ethylene on hyponastic growth. This shows that the responsiveness to ethylene differs between organs and between processes within an organ.
In the nine accessions of Arabidopsis, a large variation in rapid ethylene-induced hyponastic growth was observed (Figs. 2 and 4 ). There are indications that differences between species and ecotypes in the effects of ethylene on growth may be related to the altitude of The ethylene and ACC production in Col-0 was significantly higher (P , 0.001) compared to Ler, while the ethylene-induced ERS2 expression was higher (P , 0.05) in Ler compared to Col-0. The petiole angle is the difference in petiole angle between 1-MCP pretreated and nonpretreated plants. Data (Emery et al., 1994) . In contrast, two alpine species of the Poa genus (Poa alpine and Poa compressa) showed ethylene-induced shoot elongation at low, but enhanced, ethylene concentrations, as opposed to two other species from the same genus, which are lowland species (Poa annua and Poa trivialis). To check whether Arabidopsis accessions originating from a high altitude respond differently to those from a low altitude, we collected data from the original growth location from eight accessions (Rld is missing; Nottingham Arabidopsis Stock Centre [NASC]; www.arabidopsis.info browse catalog, Ecotypes, All Ecotypes). However, no correlation was found between the altitude (0-3,400 m) and the petiole hyponastic or elongation response. In the strong responding accessions Col-0 and Ws-2, ethylene induced an upward movement within 2 h. This relatively fast response is in accordance with the time ranges for other hyponastic or epinastic growth processes described in the literature. For example, R. palustris petioles increased their angle relative to the horizontal within a few hours of submergence or ethylene treatment . In Lycopersicon esculentum, submergence or ethylene treatment promoted epinasty within a few hours as well (Jackson and Campbell, 1975; English et al., 1995; Grichko and Glick, 2001a) . Similarly, stolons of Trifolium fragiferum and Arachis hypogaea showed ethylene-induced curvature after 2 h of treatment (Hansen and Bendixen, 1974; Ziv et al., 1976) . It is therefore clear that in different species, ethylene induces hyponastic growth within only a few hours, which is in sharp contrast to the results of Vandenbussche et al. (2003) on hyponasty in Arabidopsis. In their system with agar-grown seedlings, ethylene or low-light treatments for 6 d were required to observe a change in leaf angle, rather than the few hours that we describe here. Therefore, it is unlikely that the two responses are based on the same mechanisms.
Contrary to our results, Arteca and Arteca (2001) failed to find hyponastic growth in ethylene-treated Arabidopsis Col-0. This may have been the outcome of constitutively high ethylene production in control plants caused by growing the plants on nonaerated hydroponics in their experiment. This is indicated by the high ethylene emission and ACC concentration in their control plants, which are comparable to the elevated values as measured in submerged R. palustris plants (Banga et al., 1996; Vriezen et al., 1999) or infected Arabidopsis leaves (Knoester et al., 1998; Grichko and Glick, 2001b) . The high internal ethylene in the plants studied by Arteca and Arteca (2001) may thus have precluded any further response from additional exogenous ethylene.
We have shown that ethylene can induce hyponasty in Arabidopsis and that its presence is required for the maintenance of a high petiole angle. Therefore, hyponastic growth is a reversible process (Fig. 5) . When ethylene supply to Col-0 was stopped, a downward movement of the petiole started after approximately 3 h to return leaf angles to normal within 10 h. Since the ethylene concentration in the cuvette reached ambient levels within 40 min, the extra delay in hyponasty reversal could reflect the time needed (1) for ethylene to dissociate from receptors (Bleecker, 1997) ; (2) to synthesize new receptor proteins (Hall et al., 2000) ; or (3) for the differential growth process that causes hyponasty to be reversed.
To unravel the mechanisms underlying hyponastic growth, two contrasting accessions were treated with several other signals with the aim of provoking hyponasty also in the Ler accession, which is lacking the ethylene-induced response. This would indicate whether this accession is able to display hyponastic growth at all. Manipulation of the initial petiole angle, submergence, and high temperature did not result in strong hyponastic growth in Ler. However, low light did induce hyponastic growth in Ler.
Ler Is Missing an Essential Step between Ethylene Signaling and Hyponastic Growth
It is well known that changes in the light environment can alter leaf angles (Ballaré, 1999; Pierik et al., 2003 Pierik et al., , 2004 . In accordance with this, both Col-0 and Ler showed a clear hyponastic response after transfer to spectrally neutral low light (Fig. 6G) . The kinetics of hyponastic growth in Col-0 was similar in ethylene and under low light (Fig. 6H) . Also, for the first 20 h, there was no additive effect when ethylene and low light were given together (data not shown). We therefore hypothesize that a part of the downstream signal transduction pathway leading to hyponastic growth is shared by these two signals. It should be noted that, although Ler hardly responded to ethylene and relatively weakly to submergence and high temperature, low-light treatment did induce strong upward movement of the petiole, with a maximum increase in angle similar to that of Col-0 given ethylene or low light (Figs. 2, 4, and 6 ). These results show that Ler does contain signal transduction components that can lead to hyponastic growth, but that ethylene on its own is unable to switch on this cascade. The ethylene-induced hyponastic growth is not saturated in Ler because the endogenous ethylene production is lower compared to Col-0, and 1-MCP pretreatment has no influence on the petiole angle in air. Furthermore, to examine whether an elevated concentration of ethylene is sensed in the petioles of Ler and Col-0, we tested whether an ethylene-responsive gene was up-regulated in petioles after ethylene addition. The expression of ERS2 correlates positively with ethylene levels (Vriezen et al., 1997; Hua et al., 1998) . In our experimental conditions, measured with real-time RT-PCR, ERS2 was up-regulated after 3 h of ethylene addition in both Col-0 (5 times) and, in particular, Ler (50 times). We therefore conclude that both Col-0 and Ler petioles perceive the ethylene applied. These results show that the lack of ethyleneinduced hyponastic growth in Ler is caused by the inability of ethylene signaling to interact with downstream components of hyponastic growth rather than by a putative, reduced sensitivity to ethylene.
CONCLUSION
There was variation in the effect of ethylene on petiole and leaf blade elongation of a number of Arabidopsis accessions. Ethylene stimulated petiole elongation in Ws-2, whereas in the other accessions the hormone either inhibited petiole and leaf blade growth or there was no effect. Considerable variation in ethylene-stimulated hyponastic growth existed among the accessions studied. For example, Col-0 shows a strong and rapid increase in petiole angle upon ethylene treatment, while little effect was seen in Ler. In both these accessions, the extent of the hyponastic response does not depend on the initial angle. In contrast to ethylene, spectrally neutral shading induced hyponastic growth in both accessions. In addition, ethylene could induce the expression of an ethylene marker gene in both Col-0 and Ler. Taken together, we conclude that Ler possesses downstream signal transduction components required for hyponastic growth, but ethylene is unable to switch on this cascade in this accession.
MATERIALS AND METHODS
Plant Material and Growth Conditions
Nine Arabidopsis (Arabidopsis thaliana) accessions were used: Be-0 (N964); Col-0 (N1092); Cvi (N902); Kas (N903); Ler (NW20); Nd-1 (N1636); Rld-1 (N913); Sha (N929); and Ws-2 (N1602). NASC accession numbers are shown in parentheses.
Seeds were sown on moistened filter paper in sealed petri dishes and cold stratified in the dark at 4°C for 4 d. Subsequently, the seeds were germinated for 4 d in a growth chamber with the following conditions: 20°C, 70% (v/v) relative humidity, 9-h photoperiod (200 mmol m 22 s 21 photosynthetically activated radiation photon flux density). Seedlings were transferred with a brush to pots (70 mL) containing a mixture of potting soil and perlite (1:2; v:v) enriched with 0.14 mg of MgOCaO (17%; Vitasol BV, Stolwijk, The Netherlands) and 0.14 mg of slow-release fertilizer (Osmocote Plus Mini; Darmstadt, Germany) . Following transplantation, plants were grown for 28 d in a growth chamber (conditions as described above). Pots with seedlings were kept in a glass-covered tray for the first 4 d following transplantation, after which they were transferred to irrigation mats (Maasmond-Westland, Utrecht, The Netherlands). The mats were automatically watered with tap water to saturation once a day (at the beginning of the light period), and the excess water was drained. Except where stated otherwise, petioles of 36-d-old plants (from sowing) were used. We examined the hyponastic response and elongation of one petiole on each plant. Table II shows for each accession the number of leaves on the plants at the time of study.
Computerized Digital Camera System and Image Analysis
To measure changes in petiole angle and length, a custom-built computerized digital camera system was used as described in Cox et al. (2003) . To enable continuous photography, no dark period was included in the 24-h experimental period. On the day before the experiment, plants were placed in individual glass cuvettes (13.5 3 16.0 3 29.0 cm) with the petiole of study positioned perpendicular to the axis of the camera. To facilitate measurement, any leaves that were obscuring the petiole being photographed were removed. Additionally, the petiole was marked at the petiole-lamina junction with drawing ink. The number of leaves per plant and the leaf number of the marked petiole were recorded (Table II) . Counting started at the oldest leaf, with the youngest leaf being approximately 0.5 cm long. A calibration object with known dimensions was placed in the soil in the same plane as the measured petiole (shown in Fig. 1 ). All these preparations did not influence the response of the petiole to ethylene. Experiments started the following day, at 10 AM, to minimize variation induced by circadian rhythms.
Digital photographs (1,280 3 1,000 pixels) were taken every 10 min. The angle and length of the petiole and the leaf blade were measured on these digital photographs using a PC-based image analysis system with a macro developed in house using the KS400 (version 3.0) software package (Carl Zeiss Vision, Jena, Germany). Petiole angle was taken as the angle between the horizontal and a line drawn between an ink mark at the petiole-lamina junction and a fixed base of the petiole that was determined using 10 random photographs (Fig. 1) . Petiole and leaf blade length was measured along the adaxial surface.
Data Analysis
Although care was taken to select plants that were in a similar developmental stage, the angle and length of the petiole at the start of the experiment varied between replicate plants within any one accession. To allow unbiased comparisons between treated and untreated plants, the change in angle or length compared to t 5 0 h was calculated for each replicate. As a consequence, control and treated plants are depicted as starting with an initial angle/length of 0. Additionally, we calculated the average initial angle or length for untreated and treated plants together. This average initial value was added to the change in petiole angle or length for each individual plant, resulting in plots where the control and the treated plants of one accession started at a similar angle/length. These individual plots were used to calculate averages and SE. Further, to take into account the changes in angle of control plants during the course of the experiments, we also calculated the differential response (the difference between the angle of treated and control plants for each time point; see Fig. 4 ), and the average differential response (over the 24 h of the experiment).
The program SPSS 10 (SPSS Benelux, Gorinchem, The Netherlands) was used to compute an analysis of variance and to calculate Pearson (two-tailed) correlations.
Reproducibility of the Hyponastic Growth Measurements
For all accessions, two independently grown batches of plants (36 d old) were treated with ethylene. In all cases, except one, the average angle (calculated over the 24 h of the experiment for both air-and ethylene-grown plants) did not differ significantly between the two batches. The exception was a batch in which some plants were already bolting. The data from this batch were not included.
Plants were used for the experiments when 36 d old. However, differences in age did not affect the results because plants that were 33 or 39 d old showed very similar ethylene-induced hyponastic responses compared to 36-d-old plants (data not shown). The time of day when an experiment started also has little effect on petiole angle, at least when tested with ethylene: a 12-h delay in starting treatment having minimal affect. As shown in Table II , accessions differed in developmental stage when they were used in the experiments. This was a consequence of their different intrinsic rates of growth and forced us to compare hyponasty in plants with different number of leaves. To test whether this influenced our results, a correlation between the average angle and the total number of leaves, or the number of the measured leaf, was calculated. No significant correlation between these developmental parameters and the hyponastic response was found, indicating that upward leaf movement is independent of the developmental stage of the accession, within the limited range of leaf number that we tested.
To summarize, ethylene-induced hyponastic growth in Arabidopsis is a robust response that is independent of plant batch, plant age, starting time of the experiment, measured leaf number, and total number of leaves per plant.
Experiments
Ethylene (100 mL L 21 ; Hoek Loos, Amsterdam) and air (70% relative humidity) were mixed using flow meters (Brooks Instruments, Veenendaal, The Netherlands) to generate a concentration of 5 mL L 21 ethylene, which was flushed continuously through glass cuvettes (13.5 3 16.0 3 29.0 cm) at 75 L h 21 and then vented to the outside of the building. This concentration saturates ethylene-induced hyponasty in Rumex palustris (Voesenek and Blom, 1989) , Arabidopsis (R. Pierik, unpublished data), and tobacco (Nicotiana tabacum; Pierik et al., 2004) , and represents the endogenous ethylene concentration during submergence (Voesenek and Blom, 1989) . A concentration of 1 mL L 21 ethylene was reached in the cuvettes after approximately 10 min of starting treatment, and 5 mL L 21 was reached after 40 min. The ethylene concentration was checked regularly on a gas chromatograph (GC955; Synspec, Groningen, The Netherlands) and remained constant for the duration of the experiment. Control cuvettes were flushed with air (70% relative humidity) at the same flow rate. The initial petiole angle with respect to the horizontal was increased or decreased by tilting the pot at the start of the experiment. The glass cuvettes were fitted with a metal ring holding each pot. This ring could be tilted to achieve the desired inclination without interfering with the free movement of the petiole.
To achieve complete plant submergence, the cuvette containing the plant was gently filled with tap water (20°C) to 10 cm above the soil surface. Ethylene receptors were blocked by pretreatment with 1-MCP; the gaseous 1-MCP being released from EthylBloc (Floralife, Walterboro, SC), a preparation containing 0.14% 1-MCP. To release 1-MCP, EthylBloc was first dissolved in water in an airtight container at 40°C for 12 min. 1-MCP gas was then collected from the headspace with a syringe and injected into an airtight cuvette (for 1 mL L 21 , 1.6 g EthylBloc/m 3 ). Plants were pretreated with 1 mL L 21 1-MCP for 3 h, after which the cuvettes were opened and submergence, ethylene, or a control air treatment was applied. For the shading treatment, the light quantity was reduced by 90% to 15 to 20 mmol m 22 s 21 (photon flux density) at the start of the experiment. This was achieved by switching off a number of lamps in the growth chamber and by using a black spectrally neutral shade cloth. These alterations did not change the light quality when checked with a LI-COR 1800 spectroradiometer (LI-COR, Lincoln, NE; data not shown).
Real-Time RT-PCR
For one RNA sample, eight petioles of two plants were mixed and ground. Samples were taken after 3 h of ethylene treatment or from plants in air for 3 h. Total RNA was isolated from Arabidopsis petioles using the RNeasy Plant Mini kit (Qiagen, Leusden, The Netherlands). Genomic DNA was removed using the DNA-Free kit (Ambion, Cambridgeshire, UK). cDNA was synthesized using 3.3 mg of total RNA with SuperScript III RNase H 2 reverse transcriptase (Invitrogen, Breda, The Netherlands) using random-hexamer primers. Real-time PCR reactions were performed on a MyiQ Single-Color
Real-Time PCR detection system and software using iQ SYBR Green Supermix fluorescein (Bio-Rad Laboratories, Veenendaal, The Netherlands). For AtERS2 (At1g04310 and AtL8s15088), the following primers were used: 5#-ACGCTTGCCAAAACATTGTA-3# and 5#-TGAGACGCTTTTCACCAAAC-3#, which gave a single product of 83 bp on cDNA. Real-time PCR was conducted (12.5 mL of SYBR Green Supermix fluorescein, 1 mL from each primer [100 pmol], 1 mL of cDNA, 9.5 mL of water) for 40 cycles with the following temperatures: 30-s 95°C denaturation, 30-s 60°C annealing, and 60-s 72°C extension. Melt curves showed single products for all samples. Relative mRNA values were calculated using the comparative threshold cycle method described by Livak and Schmittgen (2001) , expressing mRNA values relative to actin (At5g09810) that are constitutively expressed in vegetative structures and are not influenced by the different treatments. For Col-0, the following primers have been used: 5#-TTCGTGGTGGTGAGTTTGTT-3# and 5#-GCA-TCATCACAAGCATCCTAA-3# (195 bp); for Ler, 5#-GGAGCTGAGAGATTC-CGTTG-3# and 5#-GGTGCAACCACCTT GATCTT-3# (245 bp). Primer efficiency for both control primers was tested by running a dilution series of amplified cDNA fragments with the same PCR protocol as described above. All threshold cycle values were obtained from PCR reactions with efficiencies close to 2 (data not shown). Gene expression was calculated according to Livak and Schmittgen (2001) .
ACC Oxidase Capacity
The ACC oxidase capacity was measured according to Ververidis and John (1991) with minor modifications. About 0.3 g of whole rosette tissue were ground to a fine powder (in liquid nitrogen). The powder was thawed on ice and 0.9 mL of ice-cold extraction buffer (0.3 M Tris-HCl, pH 7.2, 10% glycerol, and 30 mM Na-ascorbate) was added. Samples were vortexed and centrifuged at 20,000g for 20 min at 4°C. In a septum vial was added 1.7 mL of incubation buffer (0.1 M Tris-HCl, pH 7.2, 10% glycerol, and 30 mM Naascorbate), 50 mL of ACC (80 mM), 50 mL of FeSO 4 (3 mM), 100 mL of NaHCO 3 (1 M), and the mixture was complete with 200 mL of supernatant, after which the vials were sealed with septum and cap. The mixture was shaken in a water bath at 30°C for 60 min. After vortexing, a gas sample of the headspace was analyzed on a gas chromatograph (GC955; Synspec) to measure the ethylene concentration.
Ethylene Production
Whole rosettes of about 300 mg were placed in a syringe with a volume of 1.5 mL. Ethylene was allowed to accumulate in the syringe for 15 min, after which the air was analyzed on a gas chromatograph (GC955; Synspec). After harvesting Col-0 rosettes in the climate room, the ethylene production was constant for the first 25 min. After 25 min, the ethylene release increased more than 5-fold, suggesting that wounding-induced ethylene production takes place after 25 min.
